A Novel Approach to the Assessment of Aerospace Coatings Degradation: The HyperTest by Watts, John et al.
A
d
T
T
a
A
R
A
A
K
X
P
A
A
1
t
e
(
t
i
p
a
d
a
u
a
s
t
h
0Progress in Organic Coatings 104 (2017) 223–231
Contents lists available at ScienceDirect
Progress  in  Organic  Coatings
j o ur na l ho me pa ge: www.elsev ier .com/ locate /porgcoat
 novel  approach  to  the  assessment  of  aerospace  coatings
egradation:  The  HyperTest
araneh  Bozorgzad  Moghim ∗, Marie-Laure  Abel,  John  F.  Watts
he Surface Analysis Laboratory, Department of Mechanical Engineering Sciences, University of Surrey, Guildford, Surrey, GU2 7XH, UK
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 4 October 2016
ccepted 10 November 2016
vailable online 25 November 2016
eywords:
PS
olyurethane coating
erospace coating
ccelerated test
a  b  s  t  r  a  c  t
Protecting  an  aircraft  from  the extremes  of  environments  during  service  begins  at the interface  between
topcoat  and  environment.  The  topcoat  considered  here  is an  aliphatic  polyurethane  (PU)  based  matte
coating.  This  paper  examines  the degradation  of  the  PU  topcoat  through  the use  of a novel  HyperTest
which  combines  ultra-violet  (UV)  and ozone  as  the  degradation  method.  To  benchmark  the technique
against  accepted  accelerated  testing  methods,  QUV  was  used  and  samples  were  tested between  two
and  56  days.  For  The  HyperTest,  samples  were  degraded  at  increments  between  one  to 120  min.  X-ray
photoelectron  spectroscopy  (XPS)  determined  that  56  days  of  UV exposure  was  equivalent,  in terms  of  the
extent  of the  chemical  degradation  of  the topcoat,  to  one  to  two  minutes  of  UV/ozone  (UV/O3) exposure.
There  was  a signiﬁcant  increase  in carbonyl  component  with  increasing  oxygen  concentration  for  samples
treated  with  The  HyperTest,  whereas  no clear  degradation  trend  was  observed  for  the  samples  exposed
to UV alone.  After  60 min  of UV/O3 exposure  a steady-state  mechanism  is established  as  the  oxidative
decomposition  of the  PU coating.  The  proposed  degradation  mechanism  of  the  PU topcoat,  through  UV/O3
exposure,  is  the  reaction  of  atomic  oxygen  with  the polymer  matrix/binder  through  hydrogen  abstraction
producing  a  hydroxyl  group.  This  further  decomposes  to produce  a carbonyl  component  observed  in  the
XPS  analysis.  The  products  of  degradation  are  simple  volatile  molecules  such  as  CO2 and  H2O  for  both
testing  methods  used  here.  However,  the  efﬁcient  nature  of  The  HyperTest,  requiring  only  minutes  to
degrade  samples  as shown  here,  proves  it to  be  a viable  complementary  technique  to  established  methods
of laboratory  accelerated  testing.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
The topcoat of an aircraft is the ﬁrst form of protection against
he environment and must maintain its high performance prop-
rties even at extremes of temperature, humidity and ultra-violet
UV) exposure. Therefore, it is desirable to understand and examine
he degradation phenomena associated with topcoat performance
n order to develop an evidence based approach to maintenance
ainting. There are many ways in which coating degradation can be
ccomplished, examples of the various methods used are in abun-
ance within literature and vary from natural exposure through to
 number of well-developed accelerated test methods [1,2]. Nat-
ral exposure of coatings is the placement of coated panels in an
tmosphere typical of, for instance, urban, coastal, sub-tropical or
ub-Saharan environments. This is, however, time-consuming and
o observe signiﬁcant degradation this method requires months
∗ Corresponding author.
E-mail address: t.bozorgzadmoghim@surrey.ac.uk (T.B. Moghim).
ttp://dx.doi.org/10.1016/j.porgcoat.2016.11.008
300-9440/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
or even years of exposure. Additionally, it is unlikely that it will
mimic  the varied extreme environments an aircraft coating can
experience, particularly at high altitudes. Thus a variety of accepted
laboratory acceleration test procedures have been developed by the
coatings industry. Although accelerated methods are only loosely
related to ﬁeld behaviour they do provide useful indicators of
the class of performance that can be expected. For this reason,
they often feature in speciﬁcations provided by customers which
vendors are expected to meet with their products. These method-
ologies include salt spray, QUV and prohesion exposure, which all
are carried out to appropriate national or international standards
[3,4]. They are commonly used in an attempt to understand the
effects of different environments and can be used either synergis-
tically or in isolation. With the latter applied to understand the
individual role a degradation method may  have on the degrada-
tion phenomena of a coating. The effect of UV radiation is notably
the acute cause and initiation of degradation [5]. As an aircraft
crosses the tropopause into the stratosphere the level of ozone
(O3) rises signiﬁcantly and the combination of UV and O3 degra-
dation is seldom addressed in current accelerated degradation
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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pproaches. However, it may  contain vital information in deter-
ining the degradation pathway of a topcoat. In order to examine
his, a novel exposure method has been developed. A commercial
V/ozone (UV/O3) desktop cleaner, originally intended for scan-
ing electron microscopy (SEM) sample preparation, was used to
rovide an extremely accelerated exposure test. The device uses
V/O3 exposure and allows the control of the time and pressure
o which the sample is exposed. As this method in not tradition-
lly used, the duration of exposure required, in order to observe
egradation, is not yet standardised. In order to benchmark such
n approach against standard test methods, UV exposure through
 QUV chamber has been used. In an attempt to relate one method to
he other, X-ray photoelectron spectroscopy (XPS) was  employed to
erform surface chemical analysis of the coating in order to deter-
ine the mechanism that gives rise to the degradation phenomena
hat occur.
. Experimental
The commercial aerospace topcoat investigated in this work is
rimarily made from an aliphatic polyurethane (PU) system. The
ackbone of the PU system is derived from the reaction of an
liphatic isocyanate (hexamethylene diisocyanate biuret) with a
exible polyol. The PU topcoat was prepared according to manu-
acturer’s instructions for spray application onto clean aluminium
anels and allowed to cure forming an aliphatic matte PU topcoat,
ith a topcoat thickness between 35 and 40 m.
The topcoat was exposed to UV radiation (UVA 340 at a nom-
nal wavelength of 340 nm)  within a QUV accelerated weathering
est chamber for 2, 5, 7, 14, 28, 42 and 56 days. The topcoat was
lso exposed to UV/O3 using a Hitachi High Technologies Zone SEM
leaner, intended for cleaning organic detritus from samples prior
o examination by SEM. The variables of the zone cleaner which are
ser controllable include the distance between the sample and the
amp, the gas pressure and the duration of exposure. The pressure
nd distance are known to have the greatest effect on the extent of
xidation of surface hydrocarbon material (i.e. the general detritus
hen the device is used for its original purpose) during treatment.
he samples were exposed, at a reduced pressure of approximately
50 Torr, for 1, 2, 5, 10, 15, 30, 60 and 120 min. Exposing the sam-
les for minutes rather than days was established as it conforms to
he functionality of the zone cleaner system and in addition to this,
reliminary results suggested accelerated degradation within this
ime.
able 1
urface composition by XPS (in atomic%) of the PU coating samples examined in this wor
Elements C O N Na Si S 
Unexposed 75.6 18.1 6.4
UV  exposed
2 days 77.0 15.3 7.7
5  days 79.0 13.5 7.6
7  days 78.6 15.5 5.4 0.2 0.3
14  days 75.8 16.7 6.7 0.3 0.3 0.3
28  days 78.7 13.6 7.7
42  days 74.7 16.6 7.6 0.3 0.5 0.3 
56  days 75.8 16.7 6.7 0.3 0.3 0.3
UV/O3 exposed
1 min  75.5 15.9 7.0 1.5
2  min 69.6 19.2 9.5 1.7
5  min  68.1 20.1 10.3 1.6
10 min  64.2 21.7 11.7 0.2 1.9 
15  min  61.5 22.5 14.3 0.2 1.5
30 min  59.1 22.0 14.6 0.9 1.2 0.5 
60  min  48.5 28.4 13.9 1.5 2.1 1.3 
120  min  46.3 30.7 13.4 0.9 3.8 1.2 c Coatings 104 (2017) 223–231
The Zone Cleaner contains a mercury UV lamp light source at
wavelengths () of 185 and 254 nm.  A working distance of 2 cm,
between the sample and the UV source, was used throughout. In
the Zone Cleaner the long UV wavelength at 184 nm dissociates
naturally occurring molecular oxygen (O2) into atomic oxygen (O
3P), the atomic oxygen is then able to react and form ozone (O3).
The shorter wavelength at  = 254 nm photo-dissociates ozone back
into molecular oxygen and atomic oxygen, creating a small cycle.
The shorter wavelength is also able to penetrate the sample surface
and break the hydrocarbon bonds, creating excited molecules or
free radicals. They are then oxidised by the atomic oxygen to form
simple molecules such as CO2, which are removed by vacuum [6].
The aliphatic PU topcoat was examined as received in order to
determine the original state of the coating, with no exposure by
XPS. The UV and UV/O3 exposed samples were also examined with
the same techniques, enabling an understanding of any changes
occurring chemically.
For XPS, a Thermo Scientiﬁc Theta Probe spectrometer was
employed using a monochromated Al K radiation with a spot
radius of 400 m.  Pass energies of 200 eV for survey spectra and
50 eV for high resolution spectra were used. Spectral analysis,
including quantiﬁcation of the high resolution spectra, was per-
formed using Thermo Avantage v5.8 software.
3. Results
3.1. Analytical strategy
The results described here enable an understanding of the chem-
ical changes to the surface. Three sets of samples were analysed;
unexposed PU topcoat, QUV exposed PU topcoat (exposed from 2
to 56 days) and UV/ozone exposed PU topcoat (exposed from 1 to
120 min). The unexposed and exposed XPS spectra (survey spectra
and high resolution spectra) are all shown together for ready ease of
comparison. Quantitative surface chemical analyses and the results
of the peak ﬁtting of the high resolution C1s spectra are shown in
Tables 1 and 2 respectively.
3.2. XPS analysis
3.2.1. Unexposed PU topcoat
XPS survey spectrum of the as received unexposed coating,
shown in Fig. 1a, identiﬁes the C1s (75.6 at.%), O1s (18.1 at.%)
and N1s (6.4 at.%) photoelectron peaks along with their equivalent
Auger peaks. From the high resolution spectra (Fig. 2a) of the C1s
k.
Ba Mg Al K Ca F Ti
0.05
0.1 0.2
0.1 0.3 0.2 0.4 0.5 0.2
0.3 0.5 0.4 0.6 2.4 0.3
0.5 0.8 0.8 0.3 0.5 0.4 0.3
T.B. Moghim et al. / Progress in Organic Coatings 104 (2017) 223–231 225
Table  2
Relative proportions of carbon functionalities as a result of peak ﬁtting of the C1 s spectra for all UV/O3 exposure times.
Carbon species UV/O3 Treatment Time/minutes
0 1 2 5 10 15 30 60 120
C C 72.8 71.4 57.9 58.9 58.0 51.8 55.7 51.0 50.6
C  N 13.8 13.4 15.9 16.2 15.8 15.3 14.6 12.1 13.4
C  O 6.2 6.0 11.8 9.2 8.6 10.8 10.0 10.8 10.4
C O 1.9 2.4 4.3 7.2 9.5 12.1 12.8 15.2 14.5
N  C O 5.3 6.9 10.2 8.6 8.1 10.1 6.9 10.8 11.1
1200 10 00 80 0 600 400 200 0
0
200 00
400 00
60000
C
ou
nt
s
g E
Na 1s
O 1s
N 1s
C 1s
S 2p
(a) 
(b) 
(c) 
 expos
r
l
i
d
C
a
N
t
r
t
w
ﬁ
a
t
a
i
t
3
c
g
(
a
e
t
t
2
a
h
1
aBind in 
Fig. 1. XPS survey spectra of (a) unexposed PU topcoat and QUV
egion it is clear there are many contributions to the peak enve-
ope. The assignments of the peaks were based on the fact that it
s an aliphatic polyurethane coating derived from hexamethylene
iisocyanate (HDI) biuret and polyol [7,8]. The assignments include
 C (285.0 eV), C N (285.9 eV), C O (286.4 eV), C O (288.1 eV)
nd NCO (289.0 eV) which represents the urethane linkage. The
1s high resolution spectrum was ﬁtted with two peaks due to
he slight asymmetric nature of the peak. The peak at 399.8 eV is
epresentative of C NH2 group. The peak at 400.4 eV is considered
o represent NCO which is consistent with a nitrogen component
ithin a PU organic matrix (Fig. 3a). The O1s envelope has been
tted with 3 peaks representing C O, NCO and C O at 531.6, 532.3
nd 533.5 eV respectively (not shown here), which is also consis-
ent with a polyurethane system. It is worth noting that multiple
nalyses were carried out and the coating gave consistent results
rrespective of position, conﬁrming the lateral homogeneity of the
opcoat.
.2.2. QUV exposed PU topcoat
The PU samples which were exposed to UV exhibited small
hanges from the as received (unexposed) sample with the emer-
ence of silicon, sodium and sulphur as seen from the survey spectra
Fig. 1b–c), which show the extremities of the QUV treatment at 2
nd 56 days exposure. The high resolution Na1 s peak at a binding
nergy of 1071.5 eV was ﬁtted with a single peak. This is representa-
ive of an ionic sodium compound, as sodium is highly reactive and
herefore elemental sodium is seldom observed in XPS. The sulphur
p (not shown here) was ﬁtted with two peaks, S2p3/2 (168.7 eV)
nd S2p1/2 (169.9 eV) ( = 1.2 eV). The sulphur peak is shifted to
igher binding energy compared to elemental sulphur (S2p3/2,
61.3 eV) and is indicative of a metal sulphate [7]. As the sulphur
ppears with sodium this suggest they may  be linked and thereforene rgy  (eV)
ed PU topcoat after exposure times of (b) 2 days and (c) 56 days.
represent sodium sulphate environment. However it is well known
that there are many components within a coating system, such as
many inorganic pigments and ﬁllers; this includes BaSO4 (although
at such an early stage of degradation the exposure of barytes is
unlikely as no Ba3d peak – which has a signiﬁcantly higher photo-
electron cross-section than S2p – is observed in the spectra) which
could be beginning to emerge with UV exposure. After two weeks of
UV exposure a Si2p peak is observed, peak-ﬁtting establishes bind-
ing energies of the spin orbit splitting of the 2p as Si2p3/2 (102.5 eV)
and Si2p1/2 (103.6 eV:  = 1.1 eV). This binding energy is represen-
tative of an aluminosilicate or siloxane [7], both are plausible based
on binding energy considerations but the absence of aluminium in
the analysis indicates the latter assignment is correct.
The high resolution spectrum of the carbon 1s peak envelope
after 56 days of UV exposure, shown in Fig. 2b, was ﬁtted using the
same protocol as the unexposed PU sample. This indicates that with
UV exposure there is little change in the functionality of the C 1s
peak and there is no introduction of new chemical environments.
These results are indicative that the in terms of UV degradation,
after eight weeks of QUV exposure, the PU topcoat is comparatively
unaffected, retaining its original surface chemistry.
3.2.3. UV/ozone exposed PU topcoat
UV/O3 exposed PU topcoat samples were produced at times of
one to 120 min  in the Zone Cleaner. The survey spectra after one, 30
and 120 min  of UV/O3 exposure is shown in Fig. 4, and the quanti-
tative surface analyses are collated in Table 1 with other XPS data.
One minute maintains the dominance of the carbon, nitrogen and
oxygen with the emergence of silicon (Si2p) at 102 eV. After 30 min
of exposure there is a rise in sodium concentration and the Ba 3d
doublet at ca. 790 eV becomes a well-deﬁned component in the
spectrum at a concentration of 0.1 at%. At 120 min  there are multi-
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Fig. 2. XPS C 1s high resolution spectra of (a) unexposed PU topcoat, (b) QUV e
le peaks representative of the inorganic components of the coating
mainly pigmentation and extenders) such as Ti2p (458 eV), Mg1  s
1305 eV), Al2p (73 eV), P2p (135 eV) and K2p (293 eV), as well as
 rise in the oxygen species. Although the gradual evolution of the
norganic species is seen in the data of Table 1, a clearer appre-
iation is obtained by a systematic inspection of the XPS survey
pectra. Fig. 5a shows the XPS survey spectra of specimens for all the
V/O3 exposure times, each sample showing the gradual increase
f bulk components (pigments) as well as oxygen and a decrease in
arbon with treatment time. There are many low intensity photo-
lectron peaks which appear within the binding energy 0–200 eV
shaded area in Fig. 5a). In order to better appreciate the variation
f these minor features as a function of UV/O3 time, this region of
he survey spectrum for all samples is shown enlarged in Fig. 5b.
ome of these features are low intensity orbitals of elements with
ain transitions elsewhere in the spectrum (e.g. Ba and Mg), how-
ver this region of the spectrum is rich in information relating to
norganic compounds. Such elements feature relatively low pho-
oelectron cross-sections and expansion of this low energy region
akes relative differences between the spectra much more readily
iscernible. The major peaks of four elements relevant to this work,
dentiﬁed as Al2p, Si2p, P2p and S2p are observed to develop with
ncreasing UV/O3 treatment. Sulphur and phosphorous appear after
0 min  and aluminium after 60 min.
The C1s high resolution spectra of samples treated with UV/O3or one and 120 min  are presented in Fig. 2b–c. These spectra show
he signiﬁcant changes occurring to the surface of the PU top-
oat with extended UV/O3 exposure. The carbonyl peak (C O) at
88.2 eV exhibits the most signiﬁcant increase, whilst the aliphaticBinding Ene rgy (eV)
d for 56 days, (c) UV/O3 exposed for 1 min and (d) UV/O3 exposed for 120 min.
carbon reduces by some 20% relative to the total carbon, (Table 2),
after 120 min  treatment time. Quantifying these changes, the total
carbon concentration falls by approximately 30% of its original
value (Table 1), whilst the oxygen concentration increases by 12
at% and the exposure of the inorganic compounds become evident,
as a result of intense treatment in the Zone Cleaner.
The high resolution N1s spectra of the PU coating with UV/O3
exposure of 1, 30 and 120 min  are shown in Fig. 3. These spec-
tra indicate the development of a new nitrogen environment with
increasing treatment time, these developing features are indica-
tive of an azo group type functionality (398.9 eV) and an amide
functionality on the higher binding energy side.
4. Discussion
The results show a clear difference in the degradation of the
PU topcoat when exposed to UV radiation through the use of a QUV
chamber versus exposure through the novel approach applied here,
using a commercial UV/O3 desktop cleaner. XPS has provided an
insight into the chemical changes occurring at the surface of the PU
topcoat with accelerated testing particularly by The Hypertest.
The XPS results of the unexposed PU topcoat exhibit the chem-
ical environments consistent with a PU resin. However within a
topcoat system it is expected that there may  be organic additives
which primarily segregate to the outermost surface of the coating,
such as hindered amine light stabilisers (HALS) and UV absorbers.
These have been identiﬁed in a separate study by time-of-ﬂight
secondary ion mass spectrometry (ToF-SIMS) [9]. It is clear that,
although XPS is a highly surface sensitive technique, the presence
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Fig. 3. XPS N 1s high resolution spectra of UV/O3 exposed PU topcoat for (a) unexposed (b) 1 min, (c) 30 min  and (d) 120 min.
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Fig. 4. XPS survey spectra of UV/O3 exposed P
f organic additives is not apparent through XPS, as it does not
rovide detailed molecular information.
UV exposed samples show little change when the survey spec-
ra of the unexposed, UV exposed for two days and UV exposed
or 56 days are compared. After 56 days the emergence of sulphur,ergy (eV)
coat for (a) 1 min, (b) 30 min and (c) 120 min.
sodium and silicon is seen but they are in low concentrations.
The atomic concentrations of all the elements (Table 1) observed
through XPS analysis shows slight ﬂuctuations with UV exposure,
however no clear trend is observed. What is evident is that these
elements are not typical of an unexposed surface and are compo-
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ents which originate from the bulk of the topcoat. This suggests
hat after 56 days of QUV these components are revealed as a result
f the removal of surface segregated minor components. The C1s
igh resolution spectrum, at 56 days, (Fig. 2b), shows no signiﬁcant
hanges to the organic PU resin and comparing the surface concen-
rations of carbon (Table 1), shows that there is very little change
rom unexposed PU topcoat. As the C1s high resolution spectrum is
epresentative of the organic polymer the lack of change suggests
 lack of gross degradation of the resin binder at this stage. The
UV chamber provides levels of UV radiation which may  degrade
dventitious carbon and possibly surface segregated organic addi-
ives, therefore further UV exposure would be required to observe
hotolysis of the PU topcoat.
The use of the UV/O desktop cleaner as a hyper degradation3
ccelerated test method (The HyperTest) proved to be highly effec-
ive, showing signiﬁcant degradation to the coating. The exposure
f the inorganic components becomes evident after only 30 min  ofurvey spectra and (b) XPS low energy region (0–200 eV) survey spectra.
exposure which is greater than the amount of inorganic compo-
nents seen after 56 day under UV radiation.
The XPS surface concentrations of Table 1 show a signiﬁcant
decrease in the atomic concentration of carbon and increase in
oxygen with time for samples exposed to UV/O3. The 12% rise in
oxygen can be accounted for by the presence at the surface of inor-
ganic components which contain oxygen, such as MgO, BaSO4, and
TiO2, as a result of severe binder degradation, in addition to the
oxidation of the organic components observed in the C1s spec-
tra. This is clearly evident when comparing the C1s peak of the
as-received surface (Fig. 2a) with that recorded after 120 min  of
UV/O3 treatment (Fig. 2d).
The photoexcitation and oxidation of the PU resin through
UV/O exposure, produces an overall decrease in the atomic con-3
centration of carbon (from 75.6 to 46.3 at.%). However within the
C1s peak envelope there is a decrease in the aliphatic carbon as
well as an increase of the carbon-oxygen functionality (Table 2) in
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Fig. 7. Comparison of UV exposure and UV/O3 exposure through the relative
concentration of nitrogen (square) and oxygen (circular) against the relative con-
Considering the environment within the ozone cleaner theig. 6. Correlation of relative proportion of carbonyl species with oxygen to carbon
atio with a sigmoidal ﬁt.
he form of C O, C O and C(O) N (at binding energies of 287 eV
88 eV and 289 eV respectively). The carbonyl increase in the C 1s
eak envelope is a deﬁning factor of the change of the PU surface
ith increasing UV/O3 exposure.
The increase in the carbonyl component of Fig. 6 shows a cor-
elation with the increase in oxygen concentration. As the oxygen
oncentration rises so the rate of formation of the carbonyl com-
onent is greater than the rate of degradation of polymer matrix.
owever, the sigmoidal ﬁt of the data in Fig. 6 shows that after
0 min  of UV/O3 exposure (or at 40% O/C), the growth in the car-
onyl functionality is seen to plateau. This suggests a steady state
echanism is achieved, whereby there are two competing pro-
esses, one; the oxidation of the PU surface and the other; the
ecomposition of the PU proceeding with similar kinetics.
Comparing the kinetics of the degradation effects of the QUV
hamber and The HyperTest, is not possible as the time scales
nd rates of degradation are not directly comparable. Therefore,
n order to understand the degradative effects of both methods
he relative atomic concentrations of carbon, oxygen and nitro-
en were calculated. Fig. 7 reveals the change in the oxygen and
itrogen, relative to the carbon with UV exposure and UV/O3 expo-
ure. Focusing on the relative nitrogen concentration of the UV/O3
xposed samples, as the time increases, the carbon concentration
ecreases and the nitrogen level increase initially, peaking at ca.
5% nitrogen. However, with QUV exposure, the relative nitro-
en for all samples cluster around the one and two minutes of
V/O3 exposed samples showing no clear trend with UV exposure
ime. Observing in a similar manner the relative oxygen amounts
or those exposed to UV/O3, there is a clear increase in the oxy-
en level, whereas again, the relative oxygen level of the samples
xposed to UV cluster around the one and two minutes of UV/O3
xposed samples. When the data for the two methods are taken
s a whole, a clear trend emerges with a linear correlation with
V/O3 exposure time followed by a clear change of gradient at ca.
0 at% carbon, equivalent to 30 min  of The HyperTest exposure,
hereas UV exposure results cluster at the initial stages of UV/O3
xposure. As the plot is comparing the relative carbon, nitrogen and
xygen amounts, it is a representation of the PU organic component
f the coating and enables direct comparison of the two degrada-
ion methods. Through this it is clear that 56 days within the QUV
hamber produces little degradative effect of the coating, suggest-
ng much longer times within a QUV chamber would be required to
bserve degradative effects. Perhaps more importantly it enables
n equivalence of the two methods to be established and as can becentration of carbon (exposure time is suggested along the x-axis from right to
left).
seen from Fig. 7, that 56 days QUV exposure is equivalent to 1–2 min
of The HyperTest. In an effort to understand the degradation of a
coating, to determine the failure point during the testing of a coat-
ing, The HyperTest method can offer results within extremely short
times.
The mechanistic reaction pathway for the photo oxidative
degradation of the PU topcoat is complex. A coating contains a
multitude of components in order to achieve its high performing
properties [10], some of which may  contribute to the initiation
and degradation pathways, such as organic additives and extrinsic
chromophores. Therefore isolating the PU conceptually allows for
a reduced dimensionality in determining the degradation pathway
of the coating and is representative of the coating degradation as it
is the PU which dominates the coating and controls the properties
of the coating.
The ozonolysis of aryl systems are well known and well
described within literature [11–13], enabling reaction mechanisms
to be developed, such as the Criegee rearrangement mechanism
[14]. However within an aliphatic system the reaction mechanis-
tic pathway of ozone is somewhat unclear. Presented below is a
brief review of the current view of the possible reactions, and how
they can be assimilated towards a possible mechanistic degradation
pathway based on the XPS data presented in this paper.
Ozone is highly versatile due to its possible resonance structures
which may  allow ozone to function as a nucleophile, electrophile
and 1,3-dipole [11]. In the reaction between ozone and a hydro-
carbon, ozone may behave as a 1,3-dipole and follow an insertion
reaction as the initial reaction step [11]. However, in the presence of
UV radiation, ozone can be degraded to form atomic oxygen [O(3P)]
which is highly reactive [15].
Understanding the effects of UV radiation on a coating is bet-
ter established [16]. UV light provides enough energy to initiate
homolytic chain scission at the weakest bonds to form radicals.
The radicals formed are highly reactive and propagate through the
system, evolving simple molecules such as CO2 and H2O until the
radicals reach termination.wavelength at 254 nm is able to photo-dissociate bonds with disso-
ciation energies less than 470 kJ mol−1 creating excited molecules
or free radicals. These are then available to react with ozone, molec-
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lar oxygen or atomic oxygen, evolving simple molecules. This
ombined effect of UV and ozone in the degradation of surfaces has
een noted, particularly within aerospace systems and is known as
hoto-oxidative etching [17].
The combination of UV and ozone on a coating system then
ecomes more complex when determining the degradation mech-
nism. XPS analysis of the UV/O3 degraded samples indicated an
ncrease in the carbonyl component as stated. This is because of
he interaction between the atomic oxygen formed through the
reakdown of ozone and the hydrocarbons within the coating.
The mechanism in which atomic oxygen may  react with the
ydrocarbon surface is detailed below:
R − CH2 − R′ + O(3P) → [R − CH• − R′ + •OH] → R
− CH(OH) − R′ (1)
 − CH(OH) − R′ + O(3P) → R − C(O) − R′ + H2O (2)
Scheme (1) is the reaction of atomic oxygen with the hydro-
arbon through hydrogen abstraction, forming a transition state
n which the two radicals formed react rapidly to form a hydroxyl
unctional group. Scheme (2) shows the oxidation reaction in which
tomic oxygen reacts with the hydroxyl group to produce a ketone
nd forms a H2O by-product [17,18]. The degradation of the PU
oating is primarily through the decrease of the carbon component
ia desorption of simple volatile molecules such as CO, CO2, and
2O. However further detailed analysis is required in order to bet-
er determine the detailed mechanistic degradation pathway. An
nvestigation in ToF-SIMS is underway and recent developments in
ur in-house multi-variate analysis routines have enabled accurate
eﬁnition of reactants and products of the degradation mechanism.
reliminary results have been presented [9] and once this work is
omplete it will be available in the public domain.
The penetration of UV and atomic oxygen within the coating is
lso a degrading factor [19]. The depth of penetration of UV into
 coating is dependent on the energy of the UV radiation and the
bsorption coefﬁcient property of the coating, thus it can vary from
 few nm to several mm [20]. As a high performing topcoat the
ffects of UV are accounted for hence the use of UV absorbers [21].
owever with the extended exposure of The HyperTest the pen-
tration depth of UV becomes a factor as the functionality of the
V absorber diminishes. The penetration depth of atomic oxygen
s also a factor in the rate of degradation of the coating, as it has
 greater ability to diffuse into the coating than molecular oxygen
nd is more reactive. The depth of penetration of atomic oxygen
s also dependent on the energy of the atomic oxygen as well as
he type of coating [19]. Many studies investigating the effects of
tomic oxygen on surface degradation of polymeric materials have
dentiﬁed differing erosion rates as a result of diverse properties of
ach material [22,23]. Examining the effects of the ozone cleaner
s a function of depth with greater molecular detail is beneﬁcial
n determining a three dimensional degradation mechanism. The
xtent of erosion may  be estimated qualitatively by consideration
f the increase in a pigment/extender speciﬁc marker such as the
a3d doublet from barytes.
. Conclusions
The application of a QUV chamber for coating degradation anal-
sis is well established and serves for the accelerated testing of
oated panels within controlled laboratory conditions. Accelerated
esting of a coating is done for multiple of reasons, one of which is to
ssess the quality of the coating and thus help determine the possi-
le lifetime of the coating as well as enabling comparison between
oatings through a controlled method.c Coatings 104 (2017) 223–231
In order to understand the effects of degradation, it is shown
here, that the coatings may  require months/years of treatment to
achieve a signiﬁcant effect. However, the use of the novel approach
presented here, using UV/O3, produces a degradative effect equiv-
alent to 56 days within the QUV chamber in only two minutes. It
is proposed that such a test may  have a wider applicability for the
rapid screening of high performance coatings and the name of The
HyperTest has been coined to describe this procedure.
The HyperTest is ideal for the coating system examined here,
as it is a topcoat for aerospace purpose and therefore may better
mimic  the exposure an aircraft coating would experience with the
combination of high UV and ozone levels. However it could also be
used as a hyper accelerated laboratory test method for other coat-
ings (not just those speciﬁed for aerospace) because of its efﬁcient
nature.
Through XPS, the major reaction of ozone with the PU coating
was identiﬁed. UV/O3 exposure produced a signiﬁcant increase in
the carbonyl component with increasing oxygen forming a steady-
state mechanism. This is established after 60 min, between the
oxidation and decomposition of the PU system. The degradation
products for coatings treated with UV and UV/O3 are, for both, sim-
ple volatile molecules which are generated following the formation
of free radicals which both propagated through the coating as well
as reacting with oxygen in the atmosphere. The combination of the
highly reactive ozone and the UV photolysis of the coating form-
ing excited molecules and free radicals all combine for the efﬁcient
hyper accelerated degradation of the PU coating. Understanding the
details of the degradation mechanism of UV/O3 is imperative, not
only in assuring the UV/O3 as a viable testing method but also for the
detailed understanding of how a coating is degraded. Thus the life-
time of the coating will be better understood and the failure point
of a coating may  be developed. In order to gain a detailed mech-
anistic understand of what is happening at the molecular level,
greater molecular speciﬁcity is required in the surface sensitive
technique employed. ToF-SIMS fulﬁls such requirements exactly
and the investigation is underway.
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